The electronic and optical properties of the paradigmatic F4TCNQ-doped pentacene in the lowdoping limit are investigated by a combination of state-of-the-art many-body ab initio methods accounting for environmental screening effects, and a carefully parametrized model Hamiltonian.
I. INTRODUCTION

Doping of organic semiconductors (OSC)
1,2 by introduction in the host matrix of strong electron-or hole-donating molecules has been shown to increase their electrical conductivity by orders of magnitude, leading to enhanced performances in organic light-emitting devices and photovoltaic cells. However, in contrast to inorganic semiconductors where doping 3 is understood to proceed via the formation of shallow dopant levels, the case of OSC remains controversial [4] [5] [6] [7] [8] [9] [10] [11] . Fundamental questions regarding the electronic structure of doped OSC and the evolution of the transport and optical properties with doping load are still open and it is presently unclear why very large dopant concentrations (a few percents) are needed to boost their electrical conductivity.
Experimental observations by Koch and coworkers point to contrasting pictures 2, 8 : Full dopant-OSC charge transfer (CT) seems to be the paradigm for conjugated polymers 12, 13 , while spectroscopic evidences of partial CT, or dopant-OSC orbital hybridization, have been reported for different molecular systems 4, 14 . Focusing on the paradigmatic case of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) as a hole dopant in bulk pentacene (PEN, see Figure 1 ) 4, 15, 16 , it was shown that the introduction of the molecular dopant does not lead to any ultraviolet photoelectron spectroscopy (UPS) evidence of singlyoccupied levels in the pentacene gap, as expected according to the standard polaronic picture for polymers 17 . Doping results instead in the emergence of two novel optical absorption lines at ∼1.2-1.4 eV, located below the 1.8 eV pentacene absorption onset 4 . These features have been ascribed to CT transitions pertaining to pentacene-F4TCNQ complexes on the basis of gas-phase density functional theory (DFT) calculations performed on a cofacial dimer 4 .
The emerging picture is that of strongly interacting molecular host-dopant pairs resulting in only partially ionized dopants. On the other hand, the scanning tunneling microscopy (STM) images by Ha and Kahn 15 instead show that isolated F4TCNQ in pentacene films are fully ionized at room temperature, an observation that has been rationalized on the basis of electrostatic modeling 18 .
In this paper, we revisit the case of F4TCNQ-doped pentacene in the low-doping regime and analyze its electronic and optical properties with a combination of many-body ab initio and model Hamiltonian electronic structure calculations, both explicitly accounting for electron-hole correlations. We show that despite very deep acceptor levels in the pen-tacene gap, electron-hole interactions result in thermally accessible states with fully ionized F4TCNQ dopants. The broader picture obtained from our correlated electron-hole model describes doping as a competition between neutral and ionized dopants, passing through a narrow window of fractional CT. Our electronic structure calculations locate the pentacene-F4TCNQ system across this boundary, with structural molecular relaxation (polaronic effects) collapsing the system towards the full ionization of the dopant. The optical absorption signatures of CT vs. ionized species in F4TCNQ-doped pentacene and other doped OSC are analyzed in the light of recent experiments.
Our computational approach relies on state-of-the-art ab initio electronic structure calculations using Green's function many-body perturbation theories within the GW The paper is organized as follows. We first present in Section II the embedded ab initio many-body formalism used, and the complementary model Hamiltonian that allows us to explore finite size effects and polaronic coupling. Our results are presented in Section III, followed by a discussion in Section IV. After the conclusions and perspectives (Section V), we gather in an Appendix convergence and validation tests performed on a small but representative subsystem. 
II. METHODS
A. 
where ε 
where λ + and λ − are the polaron binding energies for hole and electrons on OSC and DOP sites, respectively. These quantities have been calculated for PEN (λ + = 52 meV) and F4TCNQ (λ − = 140 meV) at the DFT level (PBE0 functional, 6-311G(d) basis) using differences of total energy obtained at the molecular geometries fully relaxed in the neutral and charged state (∆SCF scheme). of localized (diabatic) CT states E ± b = P ± − P + − P − . P + , P − and P ± are the polarization energies for holes, electrons, and ion pairs computed with the CR model, all extrapolated in the infinite bulk limit. The exciton binding energy approximately follows a screened Coulomb potential −(ε r r eh ) −1 (dashed line for ε r = 3.5).
III. RESULTS
A. Embedded GW and BSE calculations of F4TCNQ-doped pentacene
The model system investigated here considers F4TCNQ substitutional defects in the pentacene crystal lattice 15 -see Figure 1 . Within our hybrid formalism, we describe a supramolecular complex (CPX) formed by one F4TCNQ molecule surrounded by its first shell of six pentacene neighbors (1+6 CPX henceforth) at the GW /BSE level. This CPX is then embedded into the pentacene crystal described within the charge response (CR) model 38, 39 , which provides an accurate description of the anisotropic static dielectric response of molecular crystals 39 . F4TCNQ adopts the same position and orientation as that of the replaced pentacene molecule and its geometry has been optimized in vacuum at the CCSD level. The pentacene structure is taken from X-ray diffraction data for the vapor-grown polymorph 49 . We stress that such an approach goes significantly beyond previous DFT electronic structure calculations 4 , in terms of method accuracy, QM system size and account of an atomistic polarizable embedding. where shallow impurity levels are located within a few dozen of meVs from the band edges.
As shown in Figure 4 (b), the GW HOMO-LUMO gap of the CPX is indeed found to be 0.67 eV, dramatically larger than room temperature thermal energy, clearly evidencing that the standard theory accepted for inorganic semiconductors does not apply to OSC.
The analysis of the frontier orbital isocontours in Figure 4 The BSE optical spectrum also closely reproduces the fundamental absorption of pristine pentacene at 1.85 eV and, most interestingly, displays further new features in the 1.3-1.6 eV energy range that may correspond to the sub-bandgap peaks observed experimentally 4 .
The analysis of the contributing levels reveals that these excitations correspond mainly to CT transitions from the manifold of pentacene HOMO−1 orbitals to the F4TCNQ LUMO.
We will come back to this point in Section IV.
B. Model validation and size effects
Even though based on an accurate ab initio many-body framework which is at the forefront of what can be achieved today in terms of system size and complexity, the present GW /BSE calculations on the 1+6 CPX miss to incorporate potentially important effects associated with the delocalization of the transferred hole over pentacene molecules beyond the first shell of neighbors and local structural relaxation or polaronic effects. To extend the reach of our analysis to larger system sizes, we resort to the generalized Mulliken model for intermolecular CT presented in Section II B.
The diagonalization of Hamiltonian 1 with parameters specific to F4TCNQ-doped pentacene, as described in Section II B, yields ground and excited states for systems large enough Extensive spectroscopic (photoemission, optical and vibrational) investigations by Koch and co-workers allowed identifying two different scenarios for doped molecular crystals, characterized by strong orbital hybridization and partial CT, and conjugated polymers, mostly exhibiting full ionization of dopant impurities. 2, 4, 8, 14 Our accurate theoretical analysis, tightly connected to experimental evidence, concludes that F4TCNQ-doped pentacene represents an exception to this empirical rule, at least in the low-doping regime targeted by our calculations. We further note that at least one case of partial CT has also been reported in conjugated polymers.
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We emphasize that the absence of intragap features in the photoemission spectra of doped pentacene is not inconsistent with full dopant ionization and with the presence of pentacene cation sub-bandgap optical excitations. Indeed, the intramolecular charging energy, associated with photoemission, is expected to split the singly and doubly occupied levels of pentacene, bringing the UPS features of the cation (polaron) deep in the valence band, as very recently shown for C 60 fullerenes 52 and a narrow-band polymer 9 . This charging energy is instead irrelevant for optical transitions, namely excitations localized on the pentacene cation that do not affect the molecular charge.
Vibrational and optical data on other molecular systems, such as quaterthiophene (T4) 14 , instead provide clear evidence in support of the weak CT CPX scenario. This is rationalized by the curve in Figure   6 (a), when we consider the ∼0. 
V. CONCLUSION AND PERSPECTIVES
In summary, we have developed a multifaceted approach combining state-of-the-art electronic structure methods and applied this formalism to gain a comprehensive picture of the electronic and optical properties of organic semiconductors in the low doping regime. Our analysis is based on novel many-body ab initio techniques that allow the accurate determination of charged and optical excitations in heterogeneous molecular systems, fully accounting for the complex non-local physics of interacting electrons and for the dielectric screening provided by the molecular environment. First principles calculations are also employed to parametrize a general model Hamiltonian for doped organic semiconductors covering the entire spectrum of possibilities between neutral and fully ionized dopants.
By explicitly considering the prototypical case of F4TNQ-doped pentacene, our calculations show that even for acceptor dopant levels lying fairly deep into the gap, full ionization may still be possible thanks to the concurrent effects of electron-hole interaction, spin statistics and polaronic relaxation, yet leading to charge carriers that are strongly bound to the parent dopants. Our analysis confirms the common belief that the difference between the IP of the semiconductor and the dopant EA is an important parameter but certainly not the only one. Indeed, other quantities such as electron-hole interaction, dopant-host CT integrals and the coupling to vibrations are found to be key for dopant ionization. All these quantities can be strongly dependent on the material and on the morphology, calling for a detailed analysis of structure-property relationships. The proposed approach provides a robust framework to such a scope.
On more general grounds, this study puts the accent on the central role of electronhole interaction and polaronic effects in favoring dopant ionization, two effects that are missed in the well-established theories for electrical doping in inorganic semiconductors, whose applicability to the case of organic systems is here called into question. In contrast to the picture prevailing for doped inorganic semiconductors, the explanation for the high conductivity in heavily doped organics should thus be sought beyond independent-electron theories.
Appendix A: Test calculations with the embedded many-body approach
Stability with respect to starting Kohn-Sham eigenstates and basis set
To perform extensive benchmark calculations at a reasonable cost, we study a relatively small pentacene-F4TCNQ complex (CPX) including the dopant and two of its pentacene neighbors, named 1+2 CPX and shown in Figure 7 . The actual choice of such a geometry is motivated by the calculations on the larger 1+6 CPX discussed in Section III, presenting its lowest-energy excitation S1 localized on the two molecules of the 1+2 CPX (see Figure 7 ).
We first address the stability of the evGW and Bethe-Salpeter results, namely the fact that the calculated gap and excitation energies hardly depend on the Kohn-Sham eigenstates chosen as input for the GW calculations. As shown in several publications, 35,36 the Kohn-Sham HOMO-LUMO gap of donor-acceptor complexes varies dramatically with the amount of exact exchange. This is confirmed in the present case (see Table I , Kohn-Sham column) with a variation from 0.23 eV to 1.64 eV when increasing the amount of exact exchange from 10% to 55%. However, this variation is significantly removed in the resulting QM/MM (evGW +CR) gap and corresponding Bethe-Salpeter (BSE) excitations (see Ta We show in Table II that the 6-311G(d) atomic basis set provides energy differences, namely HOMO-LUMO gap and excitation energies, well converged as compared to the ones obtained with the much larger correlation-consistent cc-pVTZ basis set. We show in Table III that 20
